The X-linked form of Alport disease, caused by mutations in the COL4A5 or the COL4A6 gene, usually leads to terminal renal failure in males, while affected females have a more variable and moderate phenotype. We detected in a female patient, with a severe Alport phenotype, two new missense mutations. One mutation (G289V) occurred in exon 15 and converted a glycine in a collagenous domain of COL4A5 to a valine. The second mutation, located in exon 46, substituted a cysteine proximal to the NC1 domain of COL4A5 for an arginine. In white blood cells and kidney both mutations were present on > 90% of the mRNA, while at the genomic level the patient was heterozygous for both mutations. The two mutations therefore occurred in the same COL4A5 allele. No mutation was found in the COL4A5 promoter region by sequencing nor was a major rearrangement of the normal allele detected. A skewed pattern of X inactivation was demonstrated in DNA isolated from the patient's kidney and white blood cells: > 90% of the X chromosomes with the normal COL4A5 allele was inactivated. It is suggested that this skewed inactivation pattern is responsible for the absence of detectable normal COL4A5 mRNA and hence the severe phenotype in this woman. (J. Clin. Invest. 1995.95:1832-1837
Introduction
Alport disease is characterized by a progressive nephritis and is usually associated with sensorineural deafness and ocular defects. The X-linked form of Alport disease is caused by mutations in the COL4AS or the COL4A6 gene (1) . The disease is more commonly diagnosed in males than females. While the affected males have a more severe phenotype and often progress to terminal renal failure, most of the affected females have moderate clinical features varying from asymptomatic hematuria to renal impairment, though this occurs at an older age than in men (2) . Different mutations of the COL4A5 gene were found in Alport patients: single base substitutions, insertions or deletions, splice mutations, and important rearrangements. These mutations are scattered all over the gene (3) . Attempts to correlate mutations with particular phenotypes suggested that mutations resulting in the deletion of the noncollagenous domain would be associated with a more severe phenotype and anti-glomerular basement membrane nephritis after renal transplantation. However, no clear correlation between the disease phenotype and a particular mutation has been reported (4) . The variable phenotype in females who are heterozygous for an Xlinked disease could be explained by different patterns of X chromosome inactivation although no correlation between the severity of the disease and the X-inactivation pattern in white blood cells (WBC)' was found (5 was cloned and sequenced as described above. The X-inactivation pattern of the patient was investigated by Southern blotting with the pSPT/PGK probe for the PGK1 gene exactly as described (9) . The filter was autoradiographed at -70°C and analyzed on a laser densitometer (Molecular Dynamics, Inc.).
Results
Morphological investigation. The light microscopic lesions were mild. In one out of nine glomeruli a segmental adhesion was found. Some tubular atrophy and one obsolete glomerulus were found. In one tubulus red blood cells were present.
On electron microscopy the main lesion was located in the capillary wall and consisted of an irregular thinning and thickening of the basement membrane. The outer contour of the basement membrane was wavy in many capillaries. The lamina densa was disintegrated into small fragments. In the thick parts of the basement membrane, electron dense inclusions were found ( Mutant: GAG AAG GTT GAG CAA
Detection of two missense mutations. Sequencing of the COL4A5 cDNA isolated from a kidney biopsy sample and from WBC of the patient revealed two point mutations. The first mutation, G289V, occurred in exon 15 and converted a GGT codon (Gly) to a GTT codon (Val), while the second mutation, R1421C, was located in exon 46 and changed a CGC codon (Arg) to a TGC codon (Cys) (Fig. 2 , numbering of all amino acids according to Zhou et al. [10] (Fig. 3 , Table I ). The membranes were then hybridized to allele-specific oligonucleotides detecting, respectively, the normal or the mutant sequence. The corresponding signals were scanned with a densitometer and normalized for the amount of DNA present on the membrane. Fig. 3 and Table I The autoradiographs of Fig. 3 were analyzed with a laser densitometer (Molecular Dynamics, Inc.). The absorbance of the dots for the WBC DNA was set to 1 and all other measurements were normalized accordingly.
excluded a major rearrangement of the COL4A5 genes of the patient.
Next the possibility that a mutation occurred in the promoter of the normal COL4A5 allele was investigated. The COL4A5 gene maps to chromosome Xq22 head-to-head to the COL4A6 gene, separated by a common promoter (1) in an arrangement similar to the COL4AI and the COL4A2 genes (11) . Two primers were selected from exon 1 of, respectively, COL4A5 and COL4A6, and PCR conditions were optimized to amplify the common promoter. The promoter was amplified from genomic kidney DNA from the patient and from a normal control. Six independent clones from the patient were sequenced and showed exactly the same sequence as the control sample (see Methods).
X -inactivation pattern. To study the X-inactivation pattern of the patient a BstXl polymorphism of the PGK1 gene was analyzed by Southern hybridization. After digestion of genomic DNA with BstXI and PstI, the pSPT/PGK probe (see Methods) can detect a BstXI polymorphism generating signals of, respectively, 1 .05 and 0.9 kb. These fragments contain eight HpaII sites which are methylated on the inactive chromosome and nonmethylated on the active X chromosome. Upon digestion with the methylation-sensitive restriction enzyme HpaII, the 1.05-or 0.9-kb fragments derived from the active X chromosome will specifically disappear. Genomic DNA of kidney, WBC, and the EBV-transformed cells of the patient was digested with BstXI and PstI. Half of the samples were then digested with HpaII. All samples were separated on an agarose gel, blotted onto a nylon membrane, and hybridized with the pSPT/PGK probe. Genomic WBC DNA from a normal female was used as a control. The results are shown in Fig. 4 and A skewed X-inactivation pattern has been shown to be responsible for the phenotypic expression of diseases in women carriers of X-linked disease genes (16, 17) and could also be responsible for the observed absence of expression of the normal allele of COL4A5 in the patient. A study of the methylation of the 5' end of the PGK1 gene showed a clearly skewed pattern of X inactivation. In the kidney and WBC of the patient -90% of the X chromosomes carrying the normal COL4A5 allele were inactivated, which most probably explains the absence of detectable normal COL4A5 mRNA in both WBC and kidney of this patient. The inactivation of the X chromosome is normally a random event occurring early during embryogenesis, and the extremely skewed pattern of X inactivation observed here is occasionally expected from a normally distributed process. Similar ratios for X inactivation have indeed been described in normal women. This would then imply that there is no selection against cells carrying the COL4A5 mutation during embryogenesis and is in agreement with the absence of a correlation found between X inactivation and the X chromosome carrying the AS gene in 43 women reported by Vetrie et al. (5) . The same study also failed to detect a correlation between the inactivation pattern and the severity of the Alport pathology in these females. It should be noted that in the study by Vetrie et al. (5) the Xinactivation pattern was studied in WBC, which do not necessarily reflect the X-inactivation pattern in the affected tissues ( 18) , although in this study no difference in the X-inactivation pattern in WBC and kidney of the patient was observed. The nonrandom pattern of X inactivation observed in the patient reported here could also be the expression of a genetic variant at the XIC locus or a major anomaly of the normal X, but in the absence of samples of relatives of the patient this hypothesis cannot be tested.
In conclusion, we have detected two missense mutations in the same COL4A5 gene of a female Alport patient. The severe Alport phenotype of the patient correlated with the absence of detectable amounts of COL4A5 mRNA with the normal sequence in the kidney and WBC. It is suggested that this is the result of the extremely skewed pattern of X inactivation, with 90% of the X carrying the normal COL4A5 allele being inactivated.
